Although several clinical trials have shown beneficial effects by targeting tumor -associated antigens ( TAAs ) with monoclonal antibodies, a number of issues, including poor penetration of the tumor mass and human antimouse antibody responses, remain. The use of recombinant single -chain Fv ( scFv ) fragments has the potential to address these and other issues while allowing the addition of different effector functions. To develop therapeutic strategies that recruit both humoral and cellular arms of the immune response, we have constructed chimeric proteins linking either the human IgG1 Fc domain or the extracellular domain of murine B7.1 to a scFv specific for the oncofetal glycoprotein, 5T4. This TAA is expressed by a wide variety of carcinomas and is associated with metastasis and poorer clinical outcome. We have engineered retroviral constructs that produce fusion proteins able to interact simultaneously with both 5T4 -positive cells and with the receptor / ligands of the immune effector moieties. Genetic delivery through a murine leukemia virus vector to 5T4 -positive tumor cells results in the secreted scFv fusion protein binding to the cell surface. Furthermore, the scFv -HIgG1 fusion protein is able to direct lysis of 5T4 -expressing human tumor cell lines through antibody -dependent cell cytotoxicity, indicating its potential as a gene therapy for human cancers.
T he development of antibodies as therapeutic agents for the treatment of cancer has recently led to some encouraging results in the clinic. 1 -3 Monoclonal antibodies ( mAbs ) targeted to tumor-associated antigens (TAAs ) have been used alone or linked to a therapeutic moiety such as a radiolabel 4, 5 or a cytotoxic drug, e.g., calicheamicin. 6 When used on their own, the cytotoxic effects of the mAb may be direct, e.g., by inhibiting growth signaling, 7 or indirect, such as the induction of apoptosis. 8 -10 Also the recruitment of an immune response by the mAb can lead to cell killing through antibody -dependent cell cytotoxicity ( ADCC ) and complement fixation as has been seen with the anti -her2 / neu antibody, herceptin, 11 and the anti -CD20 antibody, rituximab. 12 There are, however, a number of problems associated with using whole murine antibodies in humans. These include poor targeting specificity, 13 inefficient penetration of the tumor, 14 human antimouse antibody ( HAMA ) reactions and general systemic toxicity at the high doses required to deliver sufficient antibody to the site of the tumor. 15 Antibody engineering now allows these issues to be addressed with the production of smaller recombinant molecules such as singlechain Fv ( scFv ) antibodies, which are the smallest fragment to contain the original antigen binding site. They consist of the variable heavy ( V H ) and variable light ( V L ) chain, joined by a flexible linker, and have been shown to penetrate tumors more effectively than whole antibodies or Fab fragments.
14 Some disadvantages of using scFv include decreased stability, short half -life, and, in some cases, decreased affinity to the antigen. 16, 17 One approach to improving the function and circulating half -life is to link immune stimulatory molecules to the anti -TAA scFv. For example, to activate antibody -mediated killing against the target tumor, the constant heavy chain of human immunoglobulins can be added, which will also increase molecular size ( and therefore stability ) while minimizing immunogenicity. Human IgG1 has a broad specificity for the different Fc receptors present on macrophages, monocytes, and natural killer (NK ) cells and thus represents an excellent choice for this approach. 18 To induce a cytotoxic T-cell response, the costimulatory molecules of the B7 glycoprotein family can be used. These important costimulatory molecules are present on antigenpresenting cells and are ligands of the receptors CD28 and CTLA -4 found on lymphocytes. 19 In both cases, delivering the immune conjugates as genetic constructs could confer additional advantages. Genetic delivery should circumvent the clinical problems caused by the necessity of repeated injections of high doses of protein by continuously expressing the therapeutic antibody at the tumor sites, resulting in high concentrations where they are needed but low concentrations in the circulation and in healthy tissue. This could be achieved using viral vectors injected intratumorally, leading to production of the fusion protein, which is then secreted, from the cancer cell. The scFv would then bind back to the target antigen on the cell surface to direct lysis by effector cells such as macrophages, monocytes, and NK cells ( Fig 1 ) . Alternatively, the natural tumortargeting properties of macrophages could be employed, transducing them ex vivo and then reintroducing them into the patient. The macrophages would then track to sites of tumor growth where the secreted fusion protein could bind to the target TAA and direct lysis as before. Because there is a hypoxic environment in a tumor mass, an additional level of specificity could be obtained by placing the fusion proteins under control of the hypoxia response element (HRE ), 20 which would act as tumor-specific regulatory element. To date, expression of fusion proteins from adenoviral vectors has been demonstrated in mouse models with a number of scFvs including those targeted to CEA, 21 factor VII, 22 and also intracellular expression of an anti -p21 ras scFv alone. 23 The oncofetal antigen, 5T4, is a cell surface, leucine -rich glycoprotein, 24 originally defined by a mAb raised against glycoproteins isolated from human syncytiotrophoblast microvillus plasma membranes. 25, 26 5T4 is found on a wide variety of adenocarcinomas, 27 including cervical, 28 ovarian, 29 and those of the GI tract, 30 with up to 80% of tumors being antigen -positive. Expression of 5T4 has been shown to be associated with metastasis and is an independent indicator of poor prognosis in a number of cancers, including colorectal 31 and ovarian. 29 Excluding the placenta, the antigen is absent from most normal adult tissues although low levels are found on a few specialized epithelia. This indicates that 5T4 has excellent potential as a target antigen for antibody -mediated cancer immunotherapy and this view is encouraged by recent data obtained with a fusion protein constructed from a Fab of the anti -5T4 mAb and an engineered super antigen ( staphylococcal enterotoxin A ). 32 The purified recombinant product induced, in vitro, T-celldependent killing of a non small cell lung cancer line expressing 5T4, and intravenous injection of the fusion protein into athymic mice carrying the cells intraperitoneally resulted in a reduction of tumor mass.
A 5T4 -specific scFv has been amplified by polymerase chain reaction ( PCR ) from the hybridoma line producing the mAb 33 and here we report its use in the construction of potentially therapeutic immune conjugates. Genetic constructs have been made to produce chimeric proteins Figure 1 Genetic delivery of 5T4 scFv -Hg1 constructs. Tumor cells transduced by vector particles containing the 5T4 scFv -Hg1 constructs will produce fusion protein, which will then be secreted from the cell. The immune conjugate will then bind back to the 5T4 antigen at the cell surface, directing lysis of both transduced and neighbouring untransduced cells, through monocytes, macrophages, and NK cells and complement fixation. Alternatively, macrophages can be transduced ex vivo, and then introduced back into the patient. The tumor tropic properties of these cells will take them to sites of the cancer where secretion of the fusion protein will direct cell lysis. Use of a HRE in the promoter of the construct will limit production to the low oxygen environment of the tumors.
Cancer Gene Therapy 0 oligonucleotides -one of which incorporates a HindIII site at the end of the product (CG TTT GAT TTC AAG CTT GGT GC ) for fusion with the Hg1, one which incorporates a stop codon and a XhoI site (CTC CTC GAG TTA CCG TTT GAT TTC CAG GGT GC ), and one which contains a coding sequence for the c-myc epitope and polyhistidine (6ÂHis ) tag preceding a stop codon adjacent to a terminal XhoI site (5 0 -CTC CTC GAG TCA ATG GTG ATG GTG ATG ATG GTC GAC GGC GCT ATT CAG ATC CTC TTC TGA GAT GAG -3 0 ). The PCR products were then restricted with the appropriate enzymes and inserted into pBSII /Leader, creating LscFv, LscFv -MH, and LscFv without a stop codon.
The HIgG1 constant region was amplified by PCR from the cloned gene ( a kind gift from M Bruggemann ), using oligonucleotides that incorporate a HindIII site at the 5 0 end and a XhoI site at the 3 0 end ( gcgc AAG CTT gaa atc aaa cgg GCC TCC ACC AAG GGC CCA and gcgc ctcgag TCA TTT ACC CGG AGA CAG GG ). This was then restricted with those enzymes and inserted into pBSII containing LscFv without a stop codon, creating LscFv -Hg1. The entire fusion construct can then be excised as a single cassette with XhoI ( see Fig 2) .
Construction of the fusion protein B7 -scFv involved the sequential fusion of three components: the murine B7.1 EC domain, a bridging flexible (Gly 4 Ser ) 3 polylinker, and the scFv, both tagged and untagged. The flexible polylinker was generated by annealing two complementary oligonucleotides (5 0 -GGG GGT GGT GGG AGC GGT GGT GGC GGC AGT GGC GGC GGC GGA a -3 0 and 5 0 -CT AGT TCC Figure 2 Fusion protein constructs. A: The 5T4scFv consisting of a secretory leader sequence N -terminal to the V H and V L domains joined by a ( Gly 4 Ser ) 3 linker and including a C -terminal Myc -His tag. The same construct without the tag was also made. B: The B7 -5T4scFv construct including a C -terminal Myc -His tag. The same construct without the tag was also made. C: The 5T4scFv directly fused to the constant heavy region of human IgG1.
Cancer Gene Therapy 5T4 specific scFv-fusion protein based immunotherapy KA Myers et al GCC GCC GCC ACT GCC GCC ACC ACC GCT CCC ACC ACC CCC -3 0 ) to produce a double -stranded fragment with SmaI/SpeI-compatible ends. This linker was then cloned into SmaI/SpeI -digested pBS II to generate the intermediate plasmid pLink. The 735 -bp murine B7.1 EC domain ( amino acids 1-245 ) was amplified from the bacterial expression plasmid pLK444 -mB7 ( kindly supplied by R Germain, NIH, USA ), using primers that incorporated a Kozak consensus sequence and a EcoRI restriction site at the 5 0 end and a 3 0 SmaI site ( 5 0 -CTC GAA TTC CAC CAT GGC TTG CAA TTG TCA GTT GAT GC -3 0 and 5 0 -CTC CCC GGG CTT GCT ATC AGG AGG GTC TTC -3 0 ). The PCR product was digested with EcoRI and SmaI and inserted into pLink digested with the same enzymes to generate pBS / B7Link. Tagged and untagged versions of the 5T4 scFv were amplified from the plasmid pHEN1 -5T4scFv. To generate the untagged construct, a 5 0 primer ( 5 0 -CTC ACT AGT GAG GTC CAG CTT CAG CAG TC -3 0 ) containing a SpeI restriction site and a 3 0 primer ( 5 0 -CTC GCG GCC GCT TAC CGT TTG ATT TCC AGC TTG GTG CCT CCA CC -3 0 ) containing a terminal NotI site downstream of the termination codon of the scFv fragment were employed. The resultant product was digested with SpeI and NotI and inserted into pBS / B7Link digested with the same enzymes. To generate B7 -scFv -MH, the scFv was amplified using the same 5 0 primer and a 3 0 primer ( 5 0 -CTC TCT AGA TCA ATG GTG ATG GTG ATG ATG GTC GAC GGC GCT ATT CAG ATC CTC TTC TGA GAT GAG -3 0 ) with flanking SpeI and XbaI sites and including a Myc -His tag. This PCR product was then digested with SpeI and XbaI and cloned into pBS /B7Link digested with the same enzymes.
Production of cell lines expressing fusion constructs
The fusion construct cassettes were cloned into the viral expression vector pHIT LXSN. 18 Virus was made in the human kidney cell line 293 T by cotransfecting plasmids containing the MLV gap -pol genes ( pCIEGPPD ) and the VSV G envelope (pRV67 ) using the triple plasmid HIT system. 34, 35 After chromosomal integration, the fusion protein cassette is placed under transcriptional control of the LTR. Using calcium phosphate, a 10 -cm dish of 293 T at $50% confluence was transfected with 16 g of each plasmid. After 6 hours, the medium was removed and replaced with 5 mL of fresh medium. The medium was removed 16 hours later, passed through a 0.45-m filter, and stored in 0.5 -mL aliquots at À 708C.
To produce the stable BHK cell lines expressing the fusion protein, cells were plated at 10 5 / well in a 12-well plate in 1 mL of full medium ( MEM, 10%FBS ). Several hours later, a number of different -sized aliquots ( 100-1 L ) of viral supernatant were added to the wells.
Approximately 16 hours posttransduction, transduced cells were selected by trypsinisation into 10 mL of fresh culture medium containing 1 mg / mL G418 (Invitrogen, Paisley, Renfrewshire, UK ) and plating out in 10 -cm dishes. After 7-14 days, growing colonies were ring -cloned and expanded. Positive lines were identified by immunostaining: after fixing the cells with methanol:acetone ( 1:1 ), they were washed with PBS then incubated with either goat antihuman IgG -HRP (for the Hg1 construct ) or mouse anti -c -myc mAb followed by rabbit antimouse Ig-HRP ( for the MycHis tagged constructs ). Detection used DAB reagent (Vector Laboratories, Peterborough, Cambridgeshire, UK ).
Harvesting the fusion proteins
The stable cell lines were grown to $95% confluence in T150 flasks in EMEM, 10% FBS, and then the medium changed to EMEM containing no serum ( 20 mL /flask), which was then harvested 3 -4 days later. Supernatants from BHK -21 cells transfected with either the LscFv -MH or B7 -scFv -MH constructs were filtered through a 0.45-m membrane, loaded onto a nickel -equilibrated HisTrap column ( Amersham Biosciences, Little Chalfont, Buckinghamshire, UK ), washed with 20 mM ( B7scFv ) or 40 mM ( LscFv ) imidazole, and then eluted with 500 mM imidazole buffer. Several protein fractions were pooled based on relative yield and purity as indicated by BioRad (Hemel Hempstead Hertfordshire, UK ) protein estimation and silver staining of polyacrylamide gels (QuickSilver; Amersham Biosciences ), respectively. Each pool was desalted and then reequilibrated in PBS using Sephadex G -25 based PD -10 buffer exchange columns ( Amersham Biosciences ).
The scFv and scFv -Hg1 fusion proteins were concentrated and partially purified using centriprep 10 and centricon 10 ( Millipore, Watford, Hertfordshire, UK ) systems.
Western blot analysis of the fusion proteins
Aliquots of concentrated supernatants and desalted purified protein ( 10 L ) diluted in 2Â Laemmli buffer containing bmercaptoethanol were heated at 958C for 5 minutes and loaded on a precast Novex 10% Tris -glycine gel. Benchmark molecular weight marker (5 L ) from Roche (Lewes, East Sussex, UK ) was employed and samples were run in 1Â running buffer ( 2.9 g /L Tris base, 14.4 g /L glycine, 1.0 g/ L SDS ) at 25 mA for 1.5 hours under reducing conditions. Proteins from the gel were then transferred to Hybond -ECL membrane (Amersham Biosciences ) in transfer buffer ( 1.45 g /L Tris base, 7.2 g/L glycine, 20% methanol ), at 25 V ( constant ) for 2 hours using a Novex XCell II blotting apparatus. The membrane was blocked overnight in PBS containing 0.05% Tween 20 and 5% nonfat dried milk powder. The membrane was incubated with the 18 antibody, rabbit antihuman IgG -HRP (Dako, Ely, Cambridgeshire, UK ) at 1/ 1000, mouse anti -His (Invitrogen ) or mouse anti -Myc ( Roche ), or rat anti -mouse B7 (Becton Dickinson ), in the same buffer. After washing in PBS, 0.05% Tween, an HRP -linked 28 antibody was added where appropriate (rabbit antimouse [Dako ] 1 /1000 or rabbit antirat [Dako ] ) After washing, ECL reagent mix ( 0.125 mL /cm 2 ; Amersham Biosciences ) was applied to the membrane for 1 minute and then exposed to Kodak X -ray film ( Hemel Hempstead, Hertfordshire, UK ).
BIAcore analysis
BIAcore analysis was carried out as described by Shaw et al. 33 Briefly, purified 5T4 -IgG fusion protein 20 was immobilized by amino coupling to the surface of a carboxymethyl -dextran (CM5) biosensor chip, at a level of 500 RU. The surface was activated for 7 minutes with EDC / NHS at a flow rate of 5 L /min followed by 10 L of 5T4 -IgG at 50 g/ mL in 10 mM acetate buffer, pH 4.5. Surplus binding sites were blocked using 1 M ethanolamine for 7 minutes. Kinetic analysis was performed at a flow rate of 30 L /min. Association was measured over a 3 -minute injection, and dissociation for 15 minutes. The antigenic surface was regenerated by a 10 -L pulse of 20 mM HCl, and a baseline reestablished. The mAb was assessed over the concentration range 0.25-6 nM and the scFv constructs from 2.5 to 25 nM.
Immunohistochemical analysis with the scFv fusion proteins
Cryostat sections of normal human placenta were fixed and stained as described previously. 33 Primary antibody, PBS control, scFv -MH or B7 -scFv -MH was detected with 9E10 anti-myc followed by rabbit antimouse biotin. Sections were then incubated with HRP -conjugated avidin -biotin complex, developed using DAB, and counterstained with hematoxylin.
FACS analysis of the scFv fusion proteins
Cells expressing 5T4 (PA1, a human ovarian carcinoma line, and A9 -5T4, a mouse L -cell line stably transfected with 5T4 under the control of the CMV promoter 24 ) and a control line A9 -neo (the mouse L -cell expressing the neomycin gene ) were used. Approximately 5Â10 5 cells, in a round -bottom 96 -well plate (Becton Dickinson ), were incubated with either 100 L of concentrated cell supernatants or purified fusion proteins ( between 1 and 100 mg /mL ) for 30 minutes on ice. After washing, bound protein was detected using an appropriate FITC -conjugated 28 antibody. Cells were analysed on a Becton Dickinson FACScalibur. In competition experiments, scFv was used as a primary antibody, the scFv-Hg1 as a second layer, and goat anti -HIgG -FITC as the 38 antibody.
Analysis to show that the scFv -Hg1 protein produced on transduction with the MLV-based construct is secreted and able to bind back to the cell surface if that cell is expressing 5T4 was also undertaken. A murine colon line, CT26, transfected with 5T4 was transduced with the construct, expanded, and then assayed for binding of the anti -HIgG -FITC antibody. A CT26 line expressing the neomycin gene was used as a negative control.
To demonstrate simultaneous binding of the scFv to its target antigen and B7 to a ligand, B7scFv -MH was used as a 18 antibody followed by the CTLA -4 ligand in the form of a fusion protein with mouse IgG at the C -terminus ( Ancell, Bayport, MN ), which was then detected with rabbit amouse Ig -FITC.
To demonstrate that the HIgG constant chain could bind an Fc receptor, the human macrophage line U937 ( either untreated or treated overnight with IFN -g, 1g /mL ) was incubated with either scFv -Hg1 or scFv and detected using either the anti -HIgG -FITC antibody or an anti -CD64 -FITC antibody. 
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The 5T4 -Ig antigen was immobilized on the biosensor chip and the fusion proteins passed over. Proteins were analysed in either duplicate ( mAb and scFv -MH ) or triplicate ( B7 -scFv -MH ). Nickel columnpurified scFv -MH ( $32 kDa ) and B7 -scFv -MH ( $85 kDa ) fusion proteins respectively. These two samples were also analysed by silver stain ( C ).
Cancer Gene Therapy 5T4 specific scFv-fusion protein based immunotherapy KA Myers et al ADCC A9 -5T4 and A9 -neo cell lines and two other 5T4 -expressing lines, EJ (bladder carcinoma ) and PA1 (ovarian cancer ), were used in chromium release assays. Target cells were incubated with 0.1 mCi ( 100 L) of 51 Cr ( as Na 2 CrO 4 in normal saline at 1 mCi / mL; Amersham Biosciences ) at 378C ( 5% CO 2 ) for $1 hour, washed three times with PBS, then diluted to 3Â10 5 / mL. Cells were then added to 96-well plates at 50 L /well and incubated at room temperature with concentrated supernatants containing either scFv -Hg1 or scFv (between 1 and 100 mg /mL, in 50 L ) for $10 minutes. Effector cells ( peripheral blood mononuclear cells isolated using Ficoll-Paque [ Amersham Biosciences ] as per manufacturer's instructions either from fresh blood or from buffy coats obtained from blood transfusion service ) were then added at various concentrations in 50 L, centrifuged, then incubated for 4 hours at 378C, 5% CO 2 . After incubation, plates were centrifuged and 100 L /well taken for scintillation counting.
Percent lysis was calculated as:
% Lysis ¼ Test ReleaseÀSpontaneous Release Maximum ReleaseÀSpontaneous Release
Â100
Results
Construction and expression of the chimeric fusion proteins
The human 5T4 -specific scFv has been described previously and we have now produced a number of chimeric gene cassettes encoding this scFv linked to different protein moieties. A control construct, LscFv -MH, was made, comprising an immunoglobulin leader sequence, Igk, fused to the N -terminus of the scFv to allow secretion of the protein from MLV-transduced mammalian cells, and a c -Myc epitope plus 6-His tag added C -terminal to the construct for the purposes of identification and purification. Another control lacking the C -terminal Myc -His tag, LscFv, was also made. Immune enhancer conjugates, comprised of either the EC domain of murine B7 -1 (amino acids 1-245, which contain a secretion signal), joined N -terminal through a 15 -amino -acid flexible (Gly 4 Ser) 3 linker to the scFv, either with or without the Myc -His tag ( B7 -scFv -MH and B7 -scFv, respectively ) or a C -terminal fusion of the human IgG1 constant heavy chain directly to the LscFv (LscFv-Hg1) ( Fig 2) . These cassettes were then inserted into the retroviral genome vector pHIT LXSN, which was then used to prepare high -titer helperfree retroviral particles. These recombinant retroviruses were then used to demonstrate genetic delivery of the constructs in BHK -21 cells, leading to the secretion of (A) PBS alone (C) B7-scFv-MH (B) scFv-MH Figure 4 Immunohistochemistry of human term placenta, incubated with PBS ( A ), scFv -MH ( B ) or B7 -scFv -MH ( C ), as the 18 antibody, followed by 9E10 anti -myc as the 2 nd layer in all cases. Detection was with rabbit anti -mouse biotin followed by avidin -biotin complex and DAB.
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The scFv and scFv -Hg1 proteins were concentrated in the media in which they were collected and used in that form for subsequent experiments. Figure 3A shows a Western blot of concentrated supernatant from BHK -21 stable transfectants, demonstrating a specific band identified by the antihuman IgG antiserum.
The scFv -MH and B7 -scFv -MH were purified from the harvesting media through the polyhistidine tag using Ni 2 + affinity chromatography. The expression, harvest, and purification of the scFv -MH antibody were similar to that for the B7 -scFv -MH fusion protein, one difference being that 40 mM imidazole buffer was used to wash the immobilized LscFv -MH protein on the Ni 2 + affinity column during purification, whereas B7 -scFv -MH was washed with 20 mM imidazole. The yield of purified soluble protein was between 0.7 and 0.8 mg /L cell supernatant. SDS -PAGE, under reducing conditions, indicated both proteins to be monomers. The scFv -MH migrated as a sharp band, having an apparent molecular mass of approximately 32 kDa ( predicted 31 kDa ). The B7 -scFv -MH migrated as a diffuse band, typical of glycosylated proteins ( the murine B7 EC domain is highly charged with seven potential N -linked glycosylation sites ), with an apparent molecular weight of approximately 85 kDa ( see Fig 3) . Western blot and silver stain analyses revealed a purity of >90% for both proteins after affinity chromatography and buffer exchange.
Dissociation constant determination of the LscFv -MH and B7 -scFv -MH
A biosensor-based assay, using a h5T4-IgG fusion protein 33 as the target antigen, was used to measure the affinity and kinetics of interaction of scFv -MH and B7 -scFv-MH ( Table 1 ). The association rate (K a ) for scFv-MH reported previously was approximately 5 -fold slower than that of the original mAb to 5T4. 33 The K a for B7 -scFv-MH is very similar to that of the scFv -MH. However, the dissociation ( K d ) rate for B7 -scFv is approximately 2 -fold faster than for the scFv -MH and 13-fold faster than for the original mAb. Overall, B7-scFv -MH has an affinity ( K d ) of 1.24Â10 À9 M, which compares favorably with the value of 7.90Â10 À10 M for scFv -MH. The scFv -MH value is approximately 40 times lower than that reported for the 5T4 mAb (1.85Â10 À11 M). These findings indicate that linking the EC domain of murine B7.1 to the high -affinity 5T4-specific scFv does not dramatically alter its binding properties. , were incubated with B7 -scFv -MH followed by detection with anti -B7 -FITC. FACS buffer alone followed by anti -B7 -FITC was used as the negative control. The scFv -MH construct was also incubated with A9 -5T4 cells ( C ). Detection used mouse anti -myc mAb followed by FITC -conjugated antimouse IgG. FACS buffer alone, in place of the scFv -MH, was used as the negative control. 
Immunohistochemical analysis with the scFv fusion proteins
It has been shown previously that, like the parent mAb, the scFv -MH labels the syncytiotrophoblast layer of human placenta. 33 Figure 4 shows that the B7 -scFv -MH likewise binds to human syncytiotrophoblast, indicating that the B7.1 EC domain does not hinder binding to native 5T4 in situ. No staining was seen with anti -myc 9E10 antibody alone.
FACS analysis demonstrates binding of the scFv fusion proteins to the 5T4 target antigen
To determine if the scFv fusion proteins are specific for the human 5T4 antigen, FACS analysis was carried out using a mouse fibroblast cell line transfected with the human 5T4 cDNA (A9 -5T4 ) and the same line transfected with the neomycin resistance gene alone ( A9 -neo ). Figure 5 , A and B shows that the B7 -scFv -MH binds to A9 -5T4 cells but not the A9 -neo cells, confirming that the scFv is binding to the target antigen and not to some other molecule on the A9 cells. Figure 5C demonstrates binding of the scFv -MH to A9 -5T4 cells. The binding of both B7 -scFv -MH and scFv -MH can be inhibited by the 5T4 mAb from which the scFv is derived (data not shown ). Similarly, the scFv -Hg1 construct demonstrates at least 1 log shift in fluorescence activity in the 5T4 -positive cells compared to the control scFv construct, when detected with rabbit anti -HIgG -FITC (Fig 6A ) . Again, no shift occurs with A9 -neo cells ( Fig 6B ) . Competition FACS analysis demonstrated that the concentrated supernatant from the cells transfected with the scFv construct did indeed contain scFv protein because this supernatant was able to block the binding of the scFvHg1 to the 5T4 antigen on the A9 -5T4 cells (Fig 6C ) . The scFv -Hg1 was also shown to bind to the human ovarian carcinoma line (PA1 ), which expresses native 5T4 at the cell surface ( Fig 6D ) .
In addition, it was demonstrated that the production of the fusion protein from an MLV-based construct within the cell leads to secretion of the protein from the cell and binding to the cell surface, if the transduced cell expressed the 5T4 antigen. Figure 7 shows FACS analysis of a murine colon cancer cell line, CT26, expressing human 5T4, compared to CT26 only expressing neomycin, after transduction with the MLV-LscFvHg1 construct. Using the anti -HIgG -FITC antibody, HIgG is detected at the surface of the CT26 -5T4 cells but not the CT26 -neo cells. If the cells are permeabilized, then HIgG is detected in the CT26 -neo transductants ( data not shown ), indicating that the lack of detection of HIgG at the cell surface is not due to a lack of production of the protein within the cell. This also indicates that the scFv -Hg1 protein is binding to the 5T4 on the cell surface of the CT26 -5T4 cells rather than being trapped in the membrane or binding nonspecifically to the cells. Thus, genetic delivery of these immunoconjugates in vivo has the potential to result in binding of active protein to the surface of any tumor cell expressing 5T4 (both To demonstrate simultaneous binding of the B7 extracellular domain to a ligand, CTLA -4, while the scFv is bound to its target antigen, A9 -5T4 cells were incubated with either scFv -MH ( as a negative control ) or B7 -scFv -MH, followed by CTLA -4 in the form of a fusion protein with mouse Ig at the C -terminus. This was then detected using FITC -conjugated antimouse Ig.
transduced and nontransduced) and hence direct ADCC of the tumor ( see Fig 1) .
Increased binding of scFv -Hg1 to U937 cells is observed after treatment with IFN -g
The human IgG1 constant heavy chain is able to bind a number of Fc receptors, including CD64, the high -affinity Fc receptor (FcRgI) that is present on the human monoblast cell line U937. Treatment of this cell line with IFN -g upregulates FcRgI but not FcRgII (CD32 ), which is also present. 36 To determine if the scFv-Hg1 fusion protein is capable of binding to the surface of U937 cells, FACS analysis, with or without prior IFN -g treatment, was carried out. Figure 8A shows binding of an anti -CD64 -FITC antibody to U937 cells. Treatment with IFN -g gives rise to a further shift to the right, as expected. Incubation of U937 cells with the scFv -Hg1 fusion protein results in binding of the protein to the cell surface as detected by the antihuman IgG -FITC antibody and this, too, shifts to the right with IFN -g treatment (Fig 8B ) . The similarity of the profiles between the anti -human IgG and the anti -CD64 antibody suggests that the fusion protein is binding to the Fc receptor. Cr and then incubated with either scFv or scFv -Hg1. Increasing amounts of peripheral blood lymphocytes were used as the effector cells and lysis allowed to proceed for 4 hours. Chromium released into the supernatant was measured by scintillation counting to assess the extent of lysis achieved. B: EJ ( human bladder carcinoma line ) and PA1 ( human ovarian carcinoma line ) cells were used as targets and peripheral blood lymphocytes from two different donors ( BB2 and BB3 ) were used at a ratio of 30:1.
B7 -scFv -MH is able to bind simultaneously to cells expressing 5T4 and to the ligand CTLA -4 B7.1 binds to its counterreceptors CD28 and CTLA -4 on the surface of T cells. To show that the B7.1 domain of the recombinant B7 -scFv -MH is able to bind a ligand while the scFv is bound to the 5T4 antigen on the cell surface, a threelayer FACS was performed ( Fig 9) . Cells were incubated with B7 -scFv -MH followed by the CTLA -4 ligand in the form of a fusion protein with mouse IgG at the C -terminus. Bound CTLA -4 was then detected using rabbit antimouse IgG -FITC. The LscFv -MH was used in place of B7 -scFv -MH as the negative control and a clear shift in fluorescence indicates that the B7.1 fusion protein can simultaneously bind 5T4 expressed at the cell surface and the CTLA -4 ligand. FACS analysis with B7 -scFv lacking the Myc -His tag demonstrated that the tag had no effect on binding (data not shown ).
The scFv -Hg1 fusion protein is able to direct ADCC lysis of 5T4 -positive human tumor cells Figure 10A shows a chromium release assay that demonstrates that the scFv-Hg1 fusion protein can direct cytotoxicity against cells expressing the 5T4 antigen at the cell surface. There is increasing lysis of the cells with increasing protein concentration and also with an increasing effector-to -target ( E /T ) ratio. This is clearly 5T4 -specific when the A9 -5T4 cells are compared with the negative control A9 -neo. In addition, the results using the scFv alone clearly indicate that the lysis is directed by the Fc portion of the fusion protein. Interestingly, a low level of lysis does occur with the scFv alone, but this is a maximum of 4% compared to 40% with the scFv -Hg1. ADCC could also be directed against the human tumor cell lines EJ and PA1 that express 5T4 under control of its native promoter (Fig 10B ) , demonstrating that the levels of 5T4 occurring naturally on human tumor lines are sufficient to mediate lysis.
Discussion
The successful treatment of cancers with therapeutic antibodies or immunoconjugates will require recruitment of an effective immune response, specific to the malignant cells. Whole mAbs and recombinant antibodies are now being tested in the clinic and immune responses have been measured. However, a number of issues need to be addressed to maximize the efficacy of such treatments; these include delivery to the cancer cells, penetration of the tumor mass, affinity for the target antigen, stability, clearance from the blood stream, and eliciting the best possible response from the immune system. With this in mind, we have made genetic constructs in viral vectors that produce chimeric proteins, joining an scFv specific for the 5T4 cell surface glycoprotein to the immune enhancers B7.1 and human IgG1 constant heavy chain, Hg1. Transduction of a mammalian cell line, BHK -21, with these constructs leads to the production and secretion of functional immune conjugates. Transduction of the murine colon cancer line CT26, engineered to express human 5T4, with the scFv -Hg1 -MLV -based viral vector leads to the protein being secreted and binding back to the target antigen at the cell surface. This illustrates that genetic delivery of such therapeutic constructs can produce active fusion proteins capable of binding TAAs on cancers and, therefore, has the potential to stimulate lysis of the tumor cells in vivo, through immune effector cells. This should include both transduced and nontransduced cells bearing the target antigen. Others have successfully achieved ADCC of human carcinoma cells transduced with MLV-based recombinant viruses expressing heavy and light chains of an anticolon cancer TAA mAb. 37 Importantly, both transduced and nontransduced cells were sensitized to ADCC, demonstrating that the antibody made in one cell can spread to adjacent, nontransduced cells that express the target antigen. However, this required sequential transduction of two separate viruses, and therefore development of a single virus expressing an scFv, would be advantageous, particularly in a clinical setting.
The binding affinities for the Myc -His tagged scFv ( scFv -MH ) control and the B7.1 -scFv have been determined. The binding of the scFv -MH has been previously reported 33 and although this is approximately 40 -fold lower than the parent mAb, the value of 7.9Â10 À10 M compares favorably with the binding affinities of both mAbs and scFvs in the literature such as those against EpCAM. 38, 39 The binding affinity of B7 -scFv -MH is less than 2 -fold lower than the scFv alone, demonstrating that the addition of a bulky molecule such as B7.1 has little effect on the binding of the fusion protein to the target antigen. These data, coupled with the fact that the fusion protein is able to simultaneously bind the B7 ligand, CTLA -4, and 5T4 at the cell surface, through the scFv, indicate the potential for this approach in tumor immunotherapy. Others have shown that the B7 / CD28 costimulatory pathway can be exploited to enhance specific immune responses against tumors and generate antitumor immunity. This has been achieved in murine models using the expression of B7.1 in a variety of tumor cell lines 40 -42 and in the context of coexpression with TAAs. 43, 44 Also an anti -CEA scFv linked to B7.1 has been demonstrated to redirect a cytotoxic response to CEA expressing tumor cells in combination with an anti -CEA / anti-CD3 diabody. 45 The scFv -Hg1 fusion protein has been shown to bind the target antigen through the scFv. It is also able to bind to cells expressing the high -affinity Fc receptor, CD64, and can direct ADCC against cells expressing 5T4. Using murine cells expressing high levels of human 5T4, specificity for the target antigen and increasing lysis with increasing E /T ratio were demonstrated. The killing of human tumor cell lines expressing native 5T4 ( EJ, bladder carcinoma; PA1, ovarian carcinoma; HT29, colon cancer ) indicates that the levels of 5T4 found in human cancers should allow directed lysis of tumor cells in vivo. The hope that such constructs could prove effective for immunotherapy of cancers expressing the 5T4 target antigen is encouraged by the results of a number of clinical trials which indicate that the efficacy achieved with whole antibody therapy is mediated by ADCC 39 including trials of mAb 17 -1A, in which patients with above median pretreatment ADCC activity had significantly longer survival rates. 46 HAMA reactions are well documented in clinical trials using murine antibodies 3, 4, 47 leading to toxicity and also a more rapid clearance of the anti -TAA antibody. 48 Interestingly, some reports have indicated that HAMA has little adverse effect on the overall clinical outcome of the mAb therapy; 49, 50 however, reduction in toxicity will be of benefit as would increased persistence of the immune conjugate. Our use of a human IgG should limit immune reaction against the fusion protein 51 and although the scFv is murine, techniques to humanize this part of the construct such as the use of human phage libraries 52 could be used. In addition, genetic delivery of the immune conjugates will take full advantage of the relatively small size of the molecules for good tumor penetration and should also be able to circumvent the potential disadvantages of rapid clearance from the blood plasma. When antibodies are delivered systemically as proteins, they need to persist for long enough to reach the tumor sites. However, production of the antibody from a genetic construct at the sites of malignant disease will reduce the requirement for persistence in the blood stream and subsequent clearance of the antibody from the blood should help to minimize any toxicity including HAMA.
The concept of using 5T4 as a target antigen has been reinforced by the results obtained in experiments using a purified 5T4 -specific Fab -Super Antigen fusion protein, 32 i.e., induction of in vitro killing of a non small cell lung cancer cell line and reduction in tumor mass obtained on administration of the protein to nude mice bearing tumors derived from that cell line. Here we have shown that transduction of mammalian cells with MLV-based genetic constructs produces anti -5T4 scFv immune conjugates that have good affinity for the target antigen. Moreover, when cells expressing 5T4 at the cell surface are transduced, the fusion protein is secreted and binds back to the 5T4 antigen. We are now developing both lentiviral and adenoviral constructs for in vivo delivery to tumor cells and also to transduce macrophages ex vivo. The intrinsic tumortargeting properties of the macrophages would target the constructs to both the primary tumor and distant metastases ( see Fig 1 ) and inclusion of a Hypoxic Response Element ( HRE ), should limit the expression of the fusion proteins to the sites of tumor mass. 20 Having targeted the cancer cells with the scFv constructs, it is envisaged that the presence of immune enhancer molecules on the surface of tumor cells may induce further 5T4 bystander immune responses.
Having shown, in vitro, that the scFv -Hg1 protein can direct lysis against 5T4 -expressing tumor cells, we will assess the effectiveness of this and the B7 -scFv fusion protein in mouse models. Such models are under development and will provide important information regarding the in vivo efficacy of our immune conjugates. At present, taking into account the specificity of expression of the 5T4 antigen and its potential as an immunotherapeutic target and also the encouraging results emerging from a number of clinical trials, we are optimistic that the in vitro data we have obtained on the functionality of these constructs can be successfully transferred to mouse models and ultimately the clinic.
